Pressure-wire assessment of coronary stenosis is considered the invasive reference standard for detection of ischaemia-generating lesions. Recently, methods to estimate the fractional flow reserve (FFR) from conventional angiography without the use of a pressure wire have been developed, and were shown to have an excellent diagnostic accuracy. The present systematic review and meta-analysis aimed at determining the diagnostic performance of angiography-derived FFR for the diagnosis of haemodynamically significant coronary artery disease. 
Introduction
Since the advent of coronary angiography in the 1960s, percentage diameter stenosis has been widely adopted to describe lesion severity. 1 The American and European societies of cardiology have defined a significant lesion as those with more than 70% diameter stenosis measured in the 'worst view' angiographic projection in a major coronary artery. 2, 3 Nonetheless, quantitative coronary angiography (QCA) percent diameter stenosis [i.e. %DS = Reference vessel diameter -Minimal lumen diameter / Reference vessel diameter)] has been shown to have only modest correlation with physiologic indexes of myocardial ischaemia. 4 Discrepancy between anatomy and physiology is found in approximately 20% of the lesions with QCA diameter stenosis >70% and in half of lesions with diameter stenosis between 50% and 70% with respect to fractional flow reserve (FFR). 5, 6 Moreover, a recent study indicates that visual analysis might be more accurate than QCA diameter stenosis. 7 This fact has limited the usefulness of diameter stenosis and led to the recommendation to use pressure-wire derived metrics of functional stenosis significance to define the need for revascularization, particularly in intermediate coronary lesions. 2, 3 Pioneering work by Young et al., Gould et al., and Kirkeeide et al. [8] [9] [10] allowed for the understanding of the correlations between QCA parameters and pressure-flow measurements. Attempts were made to obtain angiography-based estimations of translesional pressure gradient and coronary flow reserve in vessels with coronary stenosis. [8] [9] [10] Metrics such as vessel size, lesion length, entrance and exit angle, the degree of friction, and turbulence also showed to influence pressure drop across a coronary stenosis. [8] [9] [10] The advent of 3D
QCA provided new opportunities for angiography-based functional assessment of coronary stenoses. 3D QCA has been shown to have higher accuracy and stronger correlation with FFR compared with 2D-QCA. 11, 12 One of the reasons for this is that by combining two angiographic projections, 3D-QCA reduced well-known limitations of 2D coronary angiography such as foreshortening and in cases of eccentric lesions. 11 Furthermore, 3D-QCA enables to construct a patient-specific coronary geometry that can be further processed by computational fluid dynamics (CFD) to perform blood flow simulations that can derive endothelial shear stress and pressure drop. 13 The application of 3D-QCA integrating anatomic parameters and accounting for the subtended myocardium has allowed for the precise simulation of FFR. The simulated FFR can be derived either from blood flow simulation using CFD or by a mathematical approach derived from the Lance Gould equation or by rapid pressure-flow simulations. 14, 15 Angiography-derived FFR has been shown to be accurate compared with invasive FFR. 16 In this study, we sought to determine the diagnostic performance of angiography-derived FFR using a systematic review and meta-analysis.
Methods
Studies evaluating the diagnostic performance of angiography-derived FFR to detect myocardial ischaemia is patients with stable coronary artery disease with invasive FFR as clinical reference were reviewed. Society of Cardiology (ESC), and EuroPCR were included. The search strategy is described in the Supplementary material online, Appendix Table  S1 . The present systematic review and meta-analysis is presented in agreement with Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) reporting guidelines. 17 The inclusion criteria were studies comprising patients with stable coronary artery disease assessed by angiography-derived FFR and measured invasive FFR. The angiography-derived FFR and invasive FFR values were dichotomized using 0.80 as the threshold for lesion significance. For the diagnostic accuracy meta-analysis, from each study, the true positive, false positives, true negatives, and false negatives results were obtained. Also, variables that may explain variance across studies on the basis of clinical knowledge were extracted, these included: type of calculation (CFD vs. mathematical approach), on-line vs. off-line QCA analysis and type of software. In case of missing data, the principal investigator of the study was contacted to request additional data. Study quality was assessed by the Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) tool. 18 Risk of bias was evaluated across four domains: patient selection, index test, reference standard, and flow and timing, whereas applicability of findings was evaluated patient selection, index test, reference standard. This systematic review and metaanalysis were registered in PROPERO (CRD42017084512).
Data synthesis and analysis
For each study, the sensitivity, specificity, positive (þLR), and negative likelihood ratio (-LR), and the diagnostic odds ratio (DOR), along with the 95% credible interval, were calculated to express the diagnostic performance of the angiography-derived FFR for diagnosing haemodynamically significant coronary stenosis with FFR as a reference. The meta-analysis was performed using Bayesian bivariate model for diagnostic test studies. The sensitivity and specificity were modelled jointly using the exact binomial likelihood. The prior distribution specified was the penalized complexity priors. 19 Sensitivity analyses with different prior distributions using inverse gamma, truncated normal and uniform prior distribution for the covariance, and using prior normal distribution for the correlation were performed. The pooled sensitivity and specificity are displayed using forest plots with the point estimates and the corresponding credible intervals. The number of posterior samples to compute estimates values was set at 5000. Test performance was evaluated using summary receiver operator curves (SROC) using the Rutter and Gatsonis's method. 20 A bivariate meta-regression model was cast to evaluate the effect of the defined covariates on sensitivity and specificity. SROC were used to depict the point estimates, credible intervals and prediction intervals of the covariates. Publication bias was visually inspected using a funnel plot. Also, a frequentist meta-analysis was performed using random-effect model. A lesion level analysis was performed by digitalizing scatterplots using validated semiautomatic bitmap-to-digital software (Plot Digitalizer, version 2.6.8, Boston, MA, USA). 21 Digitized values were rounded to 2 decimal places. To allow for the derivation of a zone of uncertainty, angiography-derived FFR values were plotted with sensitivity and specificity; values that ensure 95% sensitivity and specificity were identified and selected as boundaries of the zone of uncertainty. All analyses were performed with RStudio version 1. 1.383 Integrated Development for R (RStudio, Inc., Boston, MA, USA). The primary outcome of interest was pooled sensitivity and specificity of angiography-derived FFR in diagnosing haemodynamically significant coronary stenosis. Secondary outcomes included pooled positive and negative likelihood ratios and SROC.
Results
A total of 2735 articles were found during the initial search; 1173 articles were removed as duplicates. Upon initial abstract review, Diagnostic performance of angiography-derived FFR 1332 articles were excluded. Two hundred and sixty articles received a complete review, of which, 13 studies met all inclusion criteria, and were used for the final analysis. 14, 16, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Reasons for study exclusion are shown in Figure 1 .
Thirteen studies comprising 1842 vessels were included in the final analysis. The pooled prevalence of ischaemia defined as an invasive FFR < _0.80 was 34% (622/1842). Three studies used CFD for the pressure drop calculation whereas 10 derived the FFR using a mathematical approach. In eight studies the angiography-derived FFR calculation was performed using quantitative flow ratio (QFR V R , Medis medical imaging systems, Leiden, the Netherlands and Pulse medical imaging technology, Shanghai, China), two used FFR angio Cathworks, Kfar-Sba, Israel) and in three a commercial 3D-QCA package (i.e. QAngio XA 3D QCA, Medis medical imaging systems, Leiden, the Netherlands or CAAS QCA 3D, Pie Medical, Maastricht, the Netherlands) derived the anatomical information and a mathematical equation predicted the pressure drop. In two studies with the QFR Software, an online analysis (i.e. during the procedure) was used. Table 1 and Take home figure summarise the studies investigating the diagnostic accuracy of FFR derived from conventional angiography. Baseline and angiographic characteristics are shown in the Supplementary material online, Table S2 .
The pooled sensitivity of the angiography-derived FFR for detecting a significant coronary stenosis was 89% (95% credible interval 83-94%) and pooled specificity 90% (95% credible interval 88-92%; Figure 2 ). Pooled þLR was 9.30 (95% credible interval 7.3-11.7) and -LR 0.13 (95% credible interval 0.07-0.19; Figure 3 ) with a pooled DOR was 80.2 (95% credible interval 42.1-154.4). The SROC revealed an area under the curve (AUC) of 0.84 (95% credible interval 0.66-0.94; Figure 4 ). Sensitivity analysis with different prior distribution showed similar diagnostic performance (Supplementary material online, Table S3 ).
Bivariate meta-regressions showed no differences in sensitivities or specificities between techniques for FFR calculation (CFD vs. Mathematical approach), type of analysis (Online vs. Offline) or software package ( Figure 5) . A sensitivity analysis removing the largest study by Bo et al. (n = 328), which used QFR analysis in an online fashion, did not alter the sensitivity [0.88 (credible interval 0.82-0.93) or specificity 0.90 (credible interval 0.88 to 0.92)]. A frequentist bivariate meta-analysis using random-effect model is presented in the Supplementary material online, Figure S1 and Table S4 .
Lesion-level analysis
Individual lesion data was obtained from 80% (1478/1842) of the lesions included in the meta-analysis. The mean angiography-derived FFR was 0.82 ± 0.11 and invasive FFR was 0.82 ± 0.11. The mean difference was -0.003 with limits of agreement between 0.13 and -0.13; Figure 6 . By implementing a zone of uncertainty removing lesions with angiography-derived FFR values between 0.77 and 0.86 (n = 578), 94% sensitivity and 95% specificity was achieved (Supplementary material online, Figure S2 ).
Study quality
The assessment of the quality of the studies included in the metaanalysis is presented in (Supplementary material online, Figure S3 ). The risk of bias was low regarding the index test, reference standard and flow and timing. Nevertheless, in 69% (9/13) of the studies, the risk of bias in the patient selection was deemed high due to the absence of consecutive inclusion of patients. Regarding applicability concerns, low risk was observed regarding the index test and reference standard; however, the selection of patients was of high risk for the generalizability of the findings. The funnel plot did not reveal publication bias (Supplementary material online, Figure S4 ).
Discussion
The main finding of the present systematic review and meta-analysis can be summarized as: (i) the diagnostic performance of angiographyderived FFR is good with a high sensitivity and specificity with measured FFR as reference in patients with stable coronary artery disease; (ii) the diagnostic accuracy of angiography-derived FFR is similar in mathematical formulae-and CFD-based systems reported in the literature; (iii) when using QFR, online analysis is as accurate as the offline analysis for the prediction of FFR; (iv) no differences in accuracy for the detection of functionally significant lesions were detected between reported software packages; and (v) A zone of uncertainty of angiography-derived FFR values ensured high sensitivity and specificity. 14,22,23 coronary geometries derived from 3D-QCA were processed using the finite element method and CFD solving the Navier-Stokes equations. The simulation of blood flow provided an accurate calculation of the pressure drop across a coronary stenosis; however, this process can take up to 30 min of computer processing time per vessel (without side branches) and require dedicated Software. Three of the studies included in the present systematic review and meta-analysis used CFD to calculate the delta pressure across the coronary lesions whereas seven used a mathematical approach, the so-called 'fast CFD'. In the latter, the delta pressure is calculated by multiplying the resistance times the volumetric flow; the resistance is accounted for using the minimal lumen area, reference vessel area, length of the lesion and blood viscosity (Dp = R*Q). 16 The meta-regression analysis found no difference regarding sensitivity and specificity of the angiography-derived FFR obtained by blood flow simulations using CFD or using a mathematical approach with overlapping credible intervals. Interestingly, in the first study of Tu et al. the authors used CFD whereas in the subsequent studies they moved towards a more efficient solution using the mathematical approach. 14, 16 Moreover, the CFD simulation can be used to calibrate the 'fast CFD' approach. The high accuracy of the mathematical solution for the calculation of FFR is of paramount importance when translating this technology to the catheterization laboratory where rapid results are needed. Also, supporting the on-line analysis of QFR, the present analysis found similar diagnostic accuracy between the on-line and off-line (core laboratory) analysis. The process of QFR calculation from the moment when image runs were received into the workstation until the generation of the report takes approximately 5 min. 25 Of the lesions included in the present systematic review and metaanalysis, 4 .0% (83/1842) were false negatives angiography-derived FFR results whereas 6.4% (117/1842) were false positives. Westra et al. described in the FAVOR II Europa and Japan study that by assuming a zone of uncertainty of QFR a pressure-wire free assessment could have been possible in 68% of lesions while ensuring >95% accuracy. 27 Using this approach, lesions within the zone of uncertainty of the angiography-derived FFR need to be interrogated with a pressure-wire to define the functional significance. In the cohort of patients included in the present review, the analysis of lesions with angiography-derived FFR values lower than 0.77 and greater than 0.86 yielded a sensitivity of 94% and specificity of 95%. The implementation of a zone of uncertainty would have allowed for sparing the use of pressure-wire in 64% of the lesions. Moreover, the application of a zone of uncertainty in which pressure-wire assessment is required may facilitate the adoption of this technology in clinical practice. One of the advantages of the angiography-derived FFR is the lesser invasiveness compared to pressure-wire interrogation. While infrequent, crossing coronary lesions with contemporary pressure wire can result in complications such as vessel dissection and myocardial infarction. 33 One of the theoretical advantages of angiographyderived FFR would be the reduction in adverse events related to the introduction of the wire in the coronary vessel. 34 Also, angiography- ; Papafaklis et al.
15
; Morris et al.
22
; Trobs et al. 23 and Kornowski et al. 24 . derived FFR may prove to be cost saving by avoiding routine use of pressure-wire. The high accuracy of the derivation of FFR from conventional angiography, particularly after the exclusion of the zone of uncertainty, is sufficient to trigger a clinical outcomes trial testing the diagnostic strategy of angiography-derived FFR. The safety of deferring lesions based on angiography-derived FFR, the appropriateness of selecting segments to be treated based on angiography-derived FFR as well as comparison with standard of care should be investigated. Moreover, a specific algorithm for more complex lesion subsets such as bifurcation and serial lesions is warranted. Single vessel QCA has shown to be inaccurate for the assessment of bifurcation lesions. 35 In the future, these Software packages may be continuously refined using artificial intelligence and deep learning algorithms. 36 In the upcoming years, the cath lab will have the possibility to perform a fully automated coronary tree reconstruction with minimal user interaction allowing for a fast, accurate and reproducible assessment of the shear stress and pressure drop utilising angiographic images. These developments may translate towards more physiology guided intervention bearing the potential to improve clinical outcomes in patients with stable coronary artery disease.
Limitations
The main limitation of the meta-analysis is that the studies included in the meta-analysis investigated the use of the angiography-derived FFR predominantly in non-complex lesions; further studies are required to determine the accuracy of this technology in a more complex population. Second, the lack of individual patient level data. For that reason, further analysis to identify predictors of accuracy for angiography-derived FFR could not be performed. Although scatterplots were digitalized to derive a zone of uncertainty; it should be recognized that overlapping points cannot be extracted with this method, this represented 20% of data points. Second, Third, the meta-regression analysis is limited by the number of studies; the results should be interpreted as hypothesis generating only. The comparison between software packages requires further investigation. Fourth, the risk of bias concerning patient selection was high thus caution should be used when extrapolating these results to a broader population. Moreover, the statistical heterogeneity concerning sensitivities, assessed by means of a frequentist meta-analysis, was significant; however, none of the covariates (technique, analysis type of Software) explained the heterogeneity and no heterogeneity was found regarding specificities and diagnostic odd ratios. Finally, the analysis of angiography derived FFR relies on the lumen of the coronary artery, other parameters of the atherosclerotic disease that are not accounted for using conventional angiography such as plaque burden and composition have also been shown to influence FFR. 37 
Conclusion
This meta-analysis supports the value of angiography-derived FFR to detect haemodynamically significant lesions. The accuracy of angiographyderived FFR was good to detect haemodynamically significant lesions with pressure-wire measured FFR as a reference. Computational approaches and software packages did not influence the diagnostic value of angiography-derived FFR. A diagnostic strategy trial with angiographyderived FFR evaluating clinical endpoints is warranted.
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